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Supplementary Methods

S.1.1 Computational work
The first principles calculations were performed with the VASP code and its implementations of DFT, DFPT, the RPA, and GW (24), using the standard projector augmented wave pseudopotentials distributed with VASP. The alloy mixing enthalpies and piezoelectric and elastic properties were calculated in DFT+U (37) with U = 3eV for Mn-d orbitals and an energy cutoff of 600 eV. To model the alloys, we used the special quasi-random structure (SQS) method (36) to generate ideally random alloy structures for each phase and composition. The mixing enthalpy calculations were performed using 128-atom SQS models, while the more computationally expensive piezoelectric and elastic property calculations for the WZ phase were performed with 48-atom SQS models. Calculation of the elastic tensors ( ) were performed using the stress-strain method (38) and the piezoelectric responses ( ) were computed within the density functional perturbation theory (DFPT) formalism (39); the reported piezoelectric tensor component ( 33 ) was determined from the tensor relation = ∑ .
The RPA calculations were performed in 4 atom unit cells with an energy cutoff of 360 eV for the wavefunctions, and 240 eV for the response functions, using a total number of bands of 384/atom for MnSe and 512/atom for MnTe, and a k-mesh density of at least 1000 k-points per reciprocal atom. Additional test calculations with an energy cutoff of 570 eV and respective increases in the response functions and number of bands were taken into account as a correction. The energy difference with respect to the magnetic ground state was determined at the DFT+U level and subtracted from the RPA energy. Since the RPA energies are sensitive on the Mnd/anion-p hybridization (25), we performed a variational optimization of the wavefunctions. The GW calculations were performed as described in detail in Ref. (30) .
The volume dependent vibrational contributions to the polymorph Gibbs free energies were computed within the quasi-harmonic approximation (QHA) using first principles methods. Within the QHA procedure, 10 volumes were generated for each material and the dynamical matrices were computed using DFPT on a 2x2x2 supercell for each of the MnSe and MnTe polymorphs. The calculation parameters and convergence criteria for use in the QHA were consistent with those used in this work for computing the phonon dependent piezoelectric and elastic properties of the polymorphs. The volume dependent phonon frequencies and energies were then used to compute the Gibbs free energy with the QHA procedure implemented in the PHONOPY code. The zero-point energy (ZPE) corrections are reported in table S1.
S.1.2 Combinatrial thin film deposition & characterization
The deposition of the MnSe1-xTex libraries was carried out through RF magnetron sputtering on Eagle XG borosilicate substrates (Corning) in a custom UHV sputter tool (AJA International) with a base pressure of 2 × 10 -7 mbar. The substrates were heated through a partial thermal contact with a heated sample holder. This setup resulted in a temperature gradient across the library ranging from 550 °C on the hottest, to 320 °C on the coldest side. An orthogonal compositional gradient was achieved by co-sputtering from two sputter guns on opposing sides of the substrate in a confocal setup with a deposition angle of roughly 30° and a target to substrate distance of 10 cm. The two sputter guns were equipped with 2" ceramic MnSe and MnTe targets (99.9 % purity, Advanced Engineering Materials Ltd), respectively. Pure Argon (99.99 % purity) was used as process gas. The process pressure was kept at 2.0 × 10 -3 mbar for the duration of the deposition, as well as for the subsequent cooling step. To cover a wide variety of compositional spreads the sputter powers were adjusted between 10 W < P < 40 W for different libraries resulting in different flux-ratios. Depending on the position on the substrate, deposition rates between 2.0 nm/min and 4.5 nm/min were achieved. The deposition times were chosen to produce film thicknesses in the range of 300 nm to 500 nm.
The MnSe1-xTex libraries were investigated in regard to structural, compositional and optoelectronic properties using spatially resolved X-ray diffraction (XRD), X-ray fluorescence (XRF), UV-Vis and 4-point probe measurements. The XRD measurements were performed with a Bruker D8 Discover x-ray diffractometer with a Vantec 500 area detector in approximately a two-theta geometry using Cu Kα radiation. The composition and thickness were mapped using xray fluorescence (XRF, Fischerscope XDV-SDD). UV-Vis transmission and reflection measurements were taken in a custom setup covering a wavelength range from 300nm to 1100nm. All combinatorial data sets were evaluated with Igor Pro software using customized routines. For a determination of the single-phase boundaries in the MnSe1-xTex samples using Xray diffraction data the disappearing phase method was employed.
S.1.3 2D-Synchrotron XRD measurements
Detailed XRD on MnSe0.5Te0.5 grown on ITO-coated Eagle XG glass was performed at Beamline 11-3 at the Stanford Synchrotron Radiation Lightsource (SSRL). Two-dimensional scattering was collected with a Rayonix CCD at an X-ray energy of 12.7 keV. Data were collected in the grazing incidence geometry with an incidence angle of 2°. Images were calibrated using a LaB6 standard and integrated between 10º <χ< 170º (Chi is the polar angle) using GSAS-II. To study the decomposition of the films the sample was heated to 400°C within approximately 10 min and held at temperature for 90 min before cooling down to room temperature, all in a helium-purge atmosphere. Annealing was done in-situ so the measured sample position is the same before and after annealing.
S.1.4 AFM and PFM measurements
AFM and PFM experiments were conducted on Asylum Research (Santa Barbara, CA) MFP-3D and Cypher microscopes in ambient conditions. Probes used for PFM experiments were Applied Nanostructures (Mountain View, CA) rectangular silicon cantilevers coated with conductive polycrystalline diamond, k = 3.84 N m -1 . All scans on BiFeO3 and MnSe0.5Te0.5 were done in contact mode with an approximate downforce of 200 nN. Electrical drive signals used in PFM were produced by an Agilent (Santa Clara, CA) 33220a function generator. A Zurich Instruments (Zurich, Switzerland) HF2LI lock-in amplifier was used to generate PFM amplitude and phase signals. PFM imaging was conducted at their respective contact resonance frequencies of ~430 kHz (BiFeO3) and ~470 kHz (MnSe0.5Te0.5). An AC amplitude of 0.5 V was used for both BiFeO3 and MnSe0.5Te0.5. During acquisition of quantitative PFM data for d33 determination, varying unipolar DC voltages were superimposed on an AC drive signal to allow for the calculation of the effective d33. In these experiments, each PFM image represents the piezoresponse at a different DC voltage; PFM image sequences were analyzed using MathWorks MATLAB software (Natick, MA) to produce locally-resolved d33 coefficients.
Supplementary Additional Results
S.2.1 Calculations of the volume-composition-energy relation in Mn(Se,Te) alloys
The total energy H(V,x) was calculated as function of composition and volume for the RS, NC as well as WZ polymorphs, as described in Eq. 1 of the manuscript. For each individual polymorph the volume component of the total energy was calculated using the Murnaghan equation of state. For the example of the RS polymorph the volume component of total energy was calculated as:
where V is the volume and VRS(x) is an interpolation of the equilibrium volumes of the respective end member polymorphs according to Vegard's law. The same interpolation was applied for the bulk modulus and the pressure derivative of the bulk modulus B0 and B0', respectively.
For a given point of volume and composition we define the combined minimum energy Hmin(V,x) as the minimum potential among the three considered polymorphs:
} (S2)
These results were used to plot the color scale of Fig. 2a and the grey scale of Fig. 1c .
S.2.2 Polymorph energies from RPA calculations
As seen in table S1, DFT+U calculations incorrectly find WZ as the ground state of both MnSe and MnTe by a relative large margin of up to 30 meV/at. As discussed in Ref. 25, for the case of MnO, RPA calculations greatly improve the description of the polymorph energies. However, in current RPA approaches, the RPA energy is evaluated with wavefunctions from a preceding DFT calculation. In case of MnO, we found a significant dependence of the polymorph energies on the hybridization between O-p states and both the occupied and the unoccupied Mn-d states.
Since the correct Mn-d/O-p hybridization cannot be recovered in DFT+U for both occupied and unoccupied states, we employed a DFT+U+V approach, consisting of the standard, occupationdependent DFT+U term plus an occupation-independent on-site potential V. Since U controls the energy difference between occupied (spin-up) and unoccupied (spin-down) Mn-d symmetries, and V controls their absolute energy position, the correct Mn-d/O-p hybridization can be recovered for both. For the current work, we performed a variational optimization of U and V based on the resulting RPA energy (ERPA(U+V)) , evaluated at a lattice constant close to the equilibrium value. We observe substantial variations of the RPA energy over a window of reasonable values for U and V, showing the sensitivity of the RPA polymorph energies on the input wavefunctions. In the resulting polymorph energies for MnSe, RS and NC are essentially degenerate, and WZ only slightly higher in energy. For MnTe, the WZ structure is found as the lowest energy, in contrast to the experimentally observed NC ground state. The differences of the polymorph ZPEs calculated within the QHA are comparable to the magnitude of the RPA polymorph energies. This further confirms that the stabiliziation of negative pressure polymorphs reported here are dominated by the alloy bowing and interaction parameters, so the present results and conclusions do not rely on the subtle energy differences at the end compositions MnSe and MnTe. fig. S1 . Detailed XRD study performed on MnSe0.5Te0.5 grown on indium tin oxide (ITO)-coated Eagle XG glass. 2D XRD images were integrated over a Chi range of almost 180°. The sample crystallizes in WZ structure without any apparent phase impurities. After 90min at 400°C in a helium atmosphere a binodal decomposition into the end member structures NC and RS can be observed.
S.2.3 Structural properties
S.2.4 AFM and PFM measurements
Spatial maps of the piezoelectric response of the MnSe0.5Te0.5 thin film reveal the emergence of new piezoelectric functionality in the MnSe0.5Te0.5 alloy that is not present in either of the MnSe or MnTe endpoint compounds. Simultaneously acquired PFM amplitude and phase images for the MnSe0.5Te0.5 alloy are shown in fig. S2a and fig. S2b , respectively, which reveal strong PFM contrast with two distinct responses as indicated by markers "A" and "B" in fig. S2b . The majority of the WZ-MnSe0.5Te0.5 specimen (>90% by area) appears similar to region A, with a small number of regions behaving like region B. According to the simultaneously acquired topography ( fig.S2c) , such B-type regions have been observed to exist as single grains, clusters of several adjacent grains, and also as sub-granular domains. In all cases the B-type regions exhibit 180º phase contrast from the neighboring A-type region, along with diminished amplitude at the boundaries between A-type and B-type regions. Such observations represent an abrupt change in the polarity of the film across the A/B boundary, and are qualitatively consistent with PFM data from known piezoelectric and ferroelectric materials. As expected, no conclusive PFM response has been obtained from the reference NC-MnTe samples deposited on Au and Al substrates. However, we note that PFM measurements of the single-phase specimens were complicated by the low-bandgap NC-MnTe material, which leads to very different dielectric and leakage behavior than for the WZ-MnSe0.5Te0.5 alloy.
Even though qualitatively the WZ-MnSe0.5Te0.5 films show strong evidence of a piezoelectric response, quantification by means of PFM is difficult with a high level of uncertainty. An estimate for the effective d33 for the WZ-MnSe0.5Te0.5 film was determined and compared with an archetypal piezoelectric material for reference, BiFeO3. A single area of the film is scanned under typical PFM conditions in a continuous sequence of six images, with a superimposed DC voltage bias that was incremented to cover a range up to almost 2 Volts. Practically, these signals are essentially uniform within grains, and from grain to grain, yielding histograms with peaks exhibiting a clear voltage dependence for the piezoresponse over the 1 µm 2 measured area, fig.  S2d . Figure S2e shows the resulting median response of the d33' with respect to DC voltage bias, for both A-type WZ-MnSe0.5Te0.5 as well as normally poled epitaxial BiFeO3 for comparison. This d33' represents a piezoelectric strain amplitude that has been normalized by the AC drive voltage, with corresponding units of pm/V. Extrapolation of this data to VDC=0 yields an experimentally measured average unipolar d33 coefficient of 20.7 pm/V (st. dev. 13.1) for WZ-MnSe0.5Te0.5 and 105.7 pm/V (st. dev. 13.4) for epitaxial [100] BiFeO3 before calibration. Extensive literature reports on the d33 of equivalent epitaxial BiFeO3 specimens place the value between 10 pm/V and 60 pm/V, yielding an approximate calibration factor to compensate for the contact resonance PFM signal amplification in these experiments.
The resulting piezoelectric coefficients for WZ-MnSe0.5Te0.5 approach 20% of values for BiFeO3 for the predominant type A regions, and <2% of BiFeO3 for type B regions. Specifically, d33 values for A-type WZ-MnSe0.5Te0.5 range from 1.5 pm/V to 11 pm/V after employing the approximate contact resonance calibration factor. This is in the same order of magnitude as the piezoelectric coefficients for x-cut quartz and (0001) ZnO, which exhibit d33 values of 2.2 pm/V and 9.9 pm/V, respectively; WZ-MnSe0.5Te0.5 behaves quantitatively similar to these canonical piezoelectrics. The WZ polymorph bandgap is wider than the bandgaps of both RS-type and NC-type structures. Interference effects as well as impurities in the alloyed films complicate the evaluation of the optical band gaps.
